[1] Observations of nighttime sporadic E (Es) made within the HF band on a 1400 km path that lies approximately along the midlatitude trough are presented. Although the probability of occurrence of Es (PEs) is generally below that predicted by the ITU-R model, a significant increase in PEs is found when K p ≥ 6. The signal parameters (azimuth, elevation, and Doppler spreads) also increase for high values of K p . This behavior is consistent with the character of the propagation changing from midlatitude to auroral as the polar cap expands and the trough moves equatorward with increasing K p .
Introduction
[2] The appearance of sporadic E (Es) can have a number of effects on the propagation of radio signals in the HF and VHF bands. For example, in the HF band, sporadic E layers of sufficient intensity can prevent the signal reflecting from the F region (i.e., "blanketing") thereby shortening the propagation range. At VHF, Es can enable oblique reflection at frequencies up to around 100 MHz, leading to problems with interference from cochannel transmitters located at ranges well beyond the line of sight. The appearance of sporadic E at midlatitudes follows some well-defined seasonal and diurnal variations [see Whitehead, 1989 ] with a strong maximum in the probability of occurrence (PEs) in the summer months and a secondary maximum in winter and a peak during the day with a minimum in the hours before sunrise. PEs has also been mapped as a function of latitude and longitude (although the polar latitudes are not covered) [Smith, 1978] , work that has been incorporated in an International Telecommunication Union Radiocommunication Sector (ITU-R) recommendation [ITU-R, 1999] . There is inconclusive evidence whether longer periodicities, such as the sunspot cycle, are present with some studies showing a positive correlation between PEs and sunspot number (particularly at high latitudes), some negative (particularly at midlatitudes) and some no correlation (e.g., see Bradley [2003] and Whitehead [1989] for reviews of a number of studies). Recent work [Maksyutin and Sherstyukov, 2005] has suggested that the dependencies are complex, since the correlation of PEs with sunspot number was dependent on time of day (positive correlation during the day, negative at night) and the Es critical frequency (positive for foEs = 3-4 MHz and negative for 6-7 MHz). compared nighttime PEs observed on obliquely propagating HF radio waves at sunspot maximum and minimum (the sunspot maximum data set is used in the current paper) and found that PEs was greater at sunspot minimum which is consistent with the results of Maksyutin and Sherstyukov [2005] . It is also unclear from previous studies what effect geomagnetic activity has on sporadic E since both positive and negative correlations of occurrence and intensity with geomagnetic activity have been found. For example, Whitehead [1989] reviewed a number of, largely low and midlatitude, studies and concluded, "magnetic activity does not have much influence on sporadic E." However, Maksyutin and Sherstyukov [2005] found a seasonal dependence of the response of midlatitude Es to geomagnetic disturbances with a strong (∼20%) decrease in the critical frequency in summer and winter, and a weak increase in autumn. They attributed the difference in behavior to a change in the ion composition of the sporadic E layer with season.
[3] The midlatitude trough is a nighttime region where the electron density is reduced by a factor of 2 or 3, and forms a boundary between the midlatitude and auroral ionospheres. While there are many studies that have investigated sporadic E at midlatitudes, there have been, by comparison, few that have focused on the subauroral region (e.g., in the vicinity of the midlatitude trough). Rodger et al. [1983] found that sporadic E was commonly observed under both poleward and equatorward edges of the trough (slightly more often on the poleward edge) with the type observed being different before and after magnetic midnight. Retardation, Esr, i.e., where the virtual height of the ionogram trace increases toward the critical frequency, was observed before magnetic midnight, while flat, Esf, i.e., where no increase in virtual height with frequency exists, was observed afterward. Zherebtsov et al. [1996] found that in the trough region Esr tended to occur at or just after a minimum in auroral activity (as indicated by the AE index).
[4] While the majority of the studies discussed above have used vertical sounding methods, in this paper observations of the effect of Es on obliquely propagating HF signals are presented. In particular, as well as determining the probability of occurrence of Es, the effects on the characteristics of the reflected HF radio signal, i.e., the distribution of angles of arrival and the spreads in delay, angle of arrival, and Doppler frequency are investigated. Since propagation via Es is common at high and subauroral latitudes, an understanding of the HF signal characteristics for these modes is important for those who design and operate systems in these regions (e.g., commercial airlines and shipping).
Observations
[5] The experimental arrangement has been described in detail elsewhere [e.g., Siddle et al., 2004] so only a brief overview will be given here. A transmitter located in Uppsala (see Figure 1 ) radiated a 100 W, Barker coded BPSK signal on six frequencies in the lower HF band (from 4.6 to 18.4 MHz). These signals were received at a site approximately 15 km south of Leicester using a sixchannel superresolution DF system. This system was capable of measuring the amplitude and direction of arrival as a function of absolute time of flight (TOF) and Doppler frequency. From these observations, signal parameters such as the delay spread, angular spread, and Doppler spread could then be derived. The system operated from September 2000 until January 2002. An example interval of observations of the TOF and azimuth as a function of time is presented in Figure 2 where propagation modes identified as being via the E region are indicated. Unfortunately, propagation from the sporadic E and the normal (i.e., solar-controlled) E layers cannot be distinguished by these observations, hence the restriction in this paper to nighttime events, when the critical frequency of the normal E region will generally be too low to support oblique reflection even at the lowest of the frequencies employed. There are several noteworthy features of the observations presented in Figure 2 . First, while propagation via Es occurs on both the nights shown here, no E region propagation is observed during the day because D region absorption and a low elevation angle (and hence relatively poor antenna performance) lead to the signal at this frequency being too Figure 1 . Map illustrating the position of the transmitter and receiver sites in relation to the midlatitude trough [Halcrow and Nisbet, 1977] and auroral oval for (left) K p = 4 and (right) K p = 8. The locations of the trough walls are indicated by the two pairs of lines, while the auroral oval is marked by the shaded region. Note that in Figure 1 (right), the oval is shown for K p = 5 since the model used [Holzworth and Meng, 1975] is not valid for higher values.
weak to be detected. Second, at the start of 21 November (day 325) the signal is simultaneously received via both the F region and the E region. However, the F region signal arrives from 30°to 40°north of the great circle direction (46°), while the E region signal is received on great circle. This off-great circle propagation, which has been characterized in a number of papers [e.g., , is predominantly an F region effect and is rarely significant for signals reflected from the E region. Third, it is apparent that the observed azimuthal variation is greater for signals propagated via the F region than it is for those reflected from Es.
Es Occurrence Statistics
[6] The percentage occurrence of signals identified as having been propagated at night (sunset to sunrise at an altitude of 100 km) via Es layers, together with the ITU predictions [ITU-R, 1999] , has been plotted as a function of equivalent vertical frequency (foEs) for the different seasons in Figure 3 . The oblique frequencies used in the experiment have been converted to the equivalent vertical frequency by dividing them by 5 corresponding to an Es height of approximately 105 km (the exact value depends on the precise height of the Es layer, values vary from 4.7 at 110 km to 5.2 at 100 km). The predicted values have been found by first finding the percentage of time for which foEs > 7 MHz at the midpoint of the UppsalaLeicester path using the appropriate map given by ITU-R [1999] . This value is then used to scale the frequency dependent probabilities for Europe (i.e., region A of
ITU-R [1999]
). The nighttime lines have been determined by applying a correction to the all-day lines (f night / f allday ) where f night and f allday are, respectively, the mean nighttime and all-day values of foEs (at 0.1% of the time) derived from the appropriate diurnal variation curves given by ITU-R [1999] . While a nighttime line cannot be calculated for the entire year (since there is no diurnal information for this case in the work of ITU-R [1999]), the offset from the all-day line must lie between the summer, and winter and equinox extremes. When the observations for the entire year are included in determining PEs, the upper four frequencies (10.4-18.4 MHz) follow the Phillips law (i.e., log p = a + bf, where p is the probability of occurrence of foEs > f, f is frequency in MHz, and a and b are constants) [see Bradley, 2003; ITU-R, 1999] , but are significantly below the value given by the ITU-R model. However, the results for the lowest two frequencies (4.64 and 6.95 MHz) do not follow the Phillips law because of an instrumental effect as follows. At these frequencies, 4.64 MHz in particular, propagation via the F region is often observed for a substantial portion of the night. Since the system is capable of resolving only those multiple modes that are separated in TOF by more than approximately 0.5 ms (i.e., the transmitted pulse width) and that have signal strengths within about 15 dB of each other, if the F region mode is stronger than E region mode by more than this amount, the latter will not be detected. For winter and equinox the behavior is largely similar to that for the entire year, with the upper four frequencies obeying the Phillips rule, although in the case of equinox, PEs derived from the observations is slightly higher than that predicted. For the summer, there are fewer observations (because the nighttime interval is substantially reduced) and propagation via the F region is more common at all except the highest two frequencies leading to a significant underreporting of the presence of sporadic E.
[7] PEs for 2001 is presented as a function of magnetic activity (as represented by the K p index) in Table 1 . From Table 1 it is apparent that the behavior is similar at low (i.e., K p < 3) and moderately disturbed levels of magnetic activity (i.e., 3 ≤ K p < 6), except for a slightly steeper negative gradient with frequency (for frequencies of 10.39 MHz and higher) in the latter case. Although periods of high levels of magnetic activity (i.e., K p ≥ 6) are comparatively rare (just under 3% of the observations), it is clear that that the occurrence of sporadic E is significantly more frequent during these intervals (except at 4.64 MHz). This behavior can be explained by the expansion of the polar cap when K p is high, which in turn leads to the auroral oval and the poleward edge of the trough moving sufficiently far equatorward to lie close to the path midpoint (see Figure 1) . Work undertaken in the southern hemisphere [Rodger et al., 1983 ] also found that Es was slightly more prevalent under the poleward edge of the trough than the equatorward edge.
Direction of Arrival
[8] The distribution of azimuths at each frequency for all observations of nighttime Es is presented in Figure 4 .
The peak of the azimuth distribution tends to be centered on the great circle direction (∼46°) for all frequencies, while the variation in azimuth tends to decrease with increasing frequency. The two peaks in the distribution that occur for the higher frequencies, the main one, as stated above, close to the great circle direction with a smaller one 2°to the north arise from the resolution in azimuth (2°) employed in generating the steering vectors for the antenna array. This azimuth resolution represents a compromise between precision and computation time (the latter is particularly important since bearings are obtained for each TOF and Doppler in the channel scattering function for which the signal is observed; see section 2.3 of Warrington et al. [2000] for more details). Although an interpolation function is used, the resultant bearings tend to cluster around the 2°intervals particularly for the higher frequencies where the beam width of the antenna array is small. Since the principal aim of the experiment was to study large off great circle effects [e.g., see this resolution was usually satisfactory.
[9] The mean azimuth and elevation of arrival for varying levels of K p are presented in Table 2 . For low and medium values of K p , the azimuth is close to the nominal great circle direction (46°) while at high K p at frequencies in the range 10.39-14.36 MHz, the azimuth is deviated to the north of the great circle by about 1°. At the same time, for all frequencies except 18.38 MHz, the elevation decreases by about 3°-4°as K p increases from low to high levels. Although not shown in Table 2 , these changes are accompanied by a small increase in mean TOF (less than the resolution of 0.05 ms) at the highest band of K p . Assuming specular reflection, these small changes in TOF, azimuth, and elevation with increasing K p are consistent with the location of the reflection point moving away from midpoint toward the transmitter, moving slightly northward of the great circle and the height of the Es layer increasing (see Figure 5 ). As described in section 2.1, when K p increases, the polar cap expands and the poleward edge of the trough and auroral oval lie close to the path midpoint, potentially changing the generation mechanism and location and character of the observed Es from midlatitude to auroral.
[10] Although there is a strong seasonal dependence of PEs (see section 2.1), there is no significant systematic effect of season on the directions of arrival, except that the mean elevation for frequencies of 11.12 MHz and less is approximately 2°higher in winter than in summer or at the equinoxes. Since there is no change in the time of flight, assuming specular reflection, this means that the reflection point is closer to the receiver and the reflection height is lower in winter (by approximately 8 km at 10.39 MHz) and there may be a tilt in the Es layer.
Signal Spreading
[11] An example of the observed channel scattering function, i.e., the signal power, azimuth, and elevation as a function of time delay and Doppler frequency is given in Figure 6 . It should be noted that there was a small difference in the frequency references at the transmitter and receiver and this accounts for most of the 2 Hz deviation of the signal from zero Doppler. The signal power as a function of azimuth and elevation for the same observation presented in Figure 6 , excluding the signal reflected from the F region (i.e., that at a TOF of ∼6 ms), is given in Figure 7 . In this example, there is some evidence indicating the presence of fine structure within the Es reflection with two peaks in the azimuth distribution separated by 1°-2°. While it is possible that this fine structure results from the angular resolution of the steering vectors (i.e., 2°in azimuth, as explained in section 2.2), previous work [Sherrill and Smith, 1977; Minullin, 1986] has also found evidence of similar structure. While the range of elevations from which the signal is observed to arrive is considerably larger than that observed by Clarke and Tibble [1978] , the resolution of the Doppler measurements (0.5 Hz) was insufficient to detect the multiple signal components observed by these authors. Following the methods of Angling et al. [1998] , [2006] , the delay, Doppler, azimuth, and elevation spreads (i.e., those containing 80% of the power) were derived for observations of the type presented in Figures 6 and 7. For this particular example, the spreads are 0.02 ms, 1.3 Hz, 4°, and 6°, respectively, putting it into the highest 5% of azimuth spreads observed at 6.95 MHz. The median and 95th percentile values of the spreads found for all Es observations in 2001 have been plotted as a function of frequency in Figure 8 . In contrast to the results of Warrington and Stocker [2003] , the Doppler spread at the 95th percentile increases with increasing frequency, although it should be noted that in the earlier paper reflections from all modes were considered, whereas in the current work only reflections from Es layers are included in the statistics. The delay spread (corrected for the transmitted pulse width) is largely independent of frequency, a result that might be expected since generally sporadic E layers are relatively thin. The azimuth and elevation spreads decrease with increasing frequency. 13.8 ± 0.3 11.6 ± 0.3 10.9 ± 1.1 6.95 9.8 ± 0.2 9.5 ± 0.4 7.2 ± 0.6 10.39 9.6 ± 0.2 9.1 ± 0.3 5.6 ± 0.4 11.12 10.5 ± 0.2 9.0 ± 0.3 6.1 ± 0.3 14.36
8.6 ± 0. Assuming all the reflections come from the same height, then the median elevation spreads imply that the horizontal dimension of the Es layer is in the range of a few hundred to nearly one thousand kilometers. While these sizes are quite large, they are not entirely inconsistent with previous observations of the horizontal extent of Es at mid and low latitudes [e.g., Whitehead, 1989] . However, particularly for the lower frequencies (4.64 and 6.95 MHz) it is possible that both 1-hop and 2-hop Es modes are present (the TOF for these modes are not distinguishable in the observations) and that this then results in the larger elevation spreads.
[12] The mean azimuth, elevation, and Doppler spread as a function of frequency for two different ranges of K p (low and high) are given in Figure 9 (note delay spread is omitted since it does not change with K p ). As expected, at low K p the behavior of the mean spreads is similar to that of the median values presented in Figure 8 . At high K p , the spreads are all higher (except elevation spread at 4.64 MHz) than at low K p , this being particularly marked for the azimuth and Doppler spread at the highest two frequencies. At the high values of K p the signal is reflected from locations close to or poleward of the trough boundary and therefore propagation is likely to be strongly affected by the presence of irregularities in the trough wall or auroral oval which lead to increases in the azimuth, elevation, and Doppler spreads.
Concluding Remarks
[13] Observations of some of the signal parameters of a signal obliquely reflected from sporadic E, together with the probability of occurrence of sporadic E (PEs), for a year close to sunspot maximum have been presented. The geometry of the path is interesting, since it lies along the midlatitude trough and the character of the propagation changes with geomagnetic activity as the path changes from essentially midlatitude to auroral. The results can be summarized as follows:
[14] 1. With the exception of those obtained during equinox, the values of PEs are generally lower than the ITU-R predictions even when these are adjusted to cover the nighttime only. It is interesting to note that measurements of PEs taken on the same path in 2007 (close to the recent sunspot minimum) have tended to be higher than the predictions . However, the relatively small observing intervals (i.e., only 2 years, 2001 and 2007) make it difficult to be certain whether this is a solar cycle effect or part of a longer-term trend (see Whitehead [1989] for a discussion of solar cycle effects).
[15] 2. PEs increased significantly during highly disturbed conditions (i.e., when K p ≥ 6).
[16] 3. Measurements of the direction of arrival indicate that propagation is largely on great circle, although there is a small deviation (1°) to the north when K p is very high. The elevation is strongly affected by K p , decreasing by 3°-4°during very disturbed conditions. Since the TOF remains fixed, this implies an increase of Es height, a northward move in the reflection point and a possible tilt in the Es layer.
[17] 4. The spreads in azimuth, elevation and Doppler all increase during disturbed conditions because of scattering from the irregularities present in the poleward wall of the trough or in the auroral oval. The latter parameter is particularly important for communication systems since, depending on the modulation type employed, it can have a significant effect on the achievable data rate [e.g., Angling et al., 1998 ]. However, the Doppler spread is significantly lower for the Es layer alone than when all ionospheric modes (i.e., the various F region modes) are included [Warrington and Stocker, 2003] .
[18] From the radio communications perspective, the channel scattering properties of signals reflected via nighttime Es can be significantly better than those reflected by the F region (e.g., the delay and Doppler spreads are, in general, reduced). So, operators of HF radio systems on subauroral paths under disturbed magnetic conditions or at high latitudes where the incidence of blanketing Es layers is common [e.g., Ritchie and 
